High-Mg diorites and/or ultrapotassic volcanic rocks are generally associated with postcollisional porphyry copper deposits, but their contribution to the formation of the mineralization remains unclear. A suite of Miocene postcollisional ultrapotassic-potassic lamprophyres, high-Mg diorites, and adakite-like intrusions have been recognized in the Zhunuo porphyry Cu deposit, located in a continental collisional zone within the Gangdese belt, southern Tibet. The post-mineralization ultrapotassic-potassic lamprophyres have zircon U-Pb ages of 12Á2 6 0Á1 Ma and contain abundant Proterozoic to Miocene inherited zircons. The ultrapotassic lamprophyres have high K 2 O (>8Á5 wt %) and MgO (>8Á8 wt %) . Taken together with petrographic observations that show magma mixing, we argue that the high-Mg diorites were derived from previously subduction-modified Tibetan lithospheric mantle with little or no input from Indian continental sediment. Mixing with adakite-like magmas and fractional crystallization of hornblende and/or titanite are also responsible for the differentiation of the high-Mg diorites. The ore-hosting, adakitelike granitic rocks at Zhunuo with zircon U-Pb ages of 14Á7 6 0Á3 Ma and 14Á6 6 0Á2 Ma have lower concentrations of REE, LILE and HFSE, much higher e Nd (t) (-6Á1 to -6Á9) and lower ( 87 Sr/ 86 Sr) i (0Á707325-0Á707663) values than the ultrapotassic lamprophyres and the high-Mg diorites. They were derived from remelting of previously subduction-modified Tibetan lower crust with some involvement of hydrous high-Mg dioritic magmas during magma mixing. The postcollisional adakite-like intrusions in the Gangdese belt could be generated by remelting of previously subduction-modified lower crust and mixing with hydrous high-Mg dioritic magmas in a lower crustal MASH zone and/or in an upper-crustal adakite-like magma chamber. The metallogenic potential of postcollisional adakite-like intrusions largely depends on rejuvenation of subductionmodified lower crust by previous arc magmas, differentiation of hydrous high-Mg dioritic magmas, and magma mixing of high-Mg dioritic magmas with lower crustal magmas.
INTRODUCTION
Porphyry copper deposits typically occur in magmatic arcs above subduction zones and are genetically related to intermediate to felsic, hydrous, calc-alkaline arc magmas that are predominantly formed by partial melting of the metasomatized asthenospheric mantle wedge (e.g. Richards, 2003 Richards, , 2011 . However, recent studies have shown that porphyry copper deposits also form in post-subduction or post-collisional settings (e.g. Hou et al., 2004 Hou et al., , 2015a Hou et al., , 2015b Perello et al., 2008; Shafiei et al., 2009) . These deposits are genetically associated with adakite-like or high Sr/Y (>40) and mildly alkaline intrusions that are likely generated by remelting of subduction-metasomatized lithospheric mantle and/or lower crust (e.g. Richards, 2009 ). The origin of porphyry Cu-related magmas in post-subduction settings, however, is still highly controversial.
The Miocene Gangdese porphyry copper belt in southern Tibet is the archetypal example of a porphyry system developed in a continental collision zone. There are currently two giant deposits (Qulong and Jiama; !2Á5 Mt Cu), four large deposits (Zhunuo, Tinggong, Gangjiang, and Dabu; !0Á5 Mt Cu), and many intermediate to small deposits ( Fig. 1 ). All these deposits formed between 21 Ma and 13 Ma, postdating the ca. 55-50 Ma Indo-Asian continental collision (Replumaz et al., 2010; Zhu et al., 2015) by $40 Myr, and are spatially and temporally associated with intrusions with adakite-like geochemical signatures, such as high Sr/Y (>40) (e.g. Hou et al., 2004; Lu et al., 2015a) . The genesis of the Miocene adakite-like intrusions in the Gangdese belt is highly debated, with models proposing direct melting of a subducted slab ; partial melting of metasomatized or subduction-modified Tibetan lower crust (Chung et al., 2003; Hou et al., 2004 Hou et al., , 2015a Guo et al., 2007; Chu et al., 2011) ; partial melting of mafic Indian lower crust (Xu et al., 2010) ; partial melting of enriched mantle that had been metasomatized by slab-derived adakite melts ; or high-pressure differentiation of hydrous mafic partial melts of Tibetan mantle .
It has been recently recognized that adakite-like intrusions are spatially associated with high-Mg diorites in the Gangdese belt. Yang et al. (2015) investigated oreforming adakite-like porphyries (with zircon U-Pb ages of 17Á6 6 0Á7 Ma to 16Á2 6 0Á3 Ma; Hou et al., 2004; Zhao et al., 2016) and a diorite porphyry (with a zircon U-Pb age of 15Á7 6 0Á2 Ma) that intrudes a pre-ore adakite-like pluton in the Qulong porphyry copper deposit. They argued that the diorite porphyry was a high-Mg diorite formed by mixing between an ultrapotassic magma and an adakite-like magma, derived from metasomatized Tibetan lithospheric mantle and juvenile Tibetan lower crust, respectively. Exogenous water added during mixing of the ultrapotassic magma with the adakitelike magma or from dehydration of the subducting Indian continental plate, resulted in remelting of subduction-modified, eclogitized Tibetan lower crust and generation of ore-forming adakite-like magmas (Yang et al., , 2016 . However, ultrapotassic volcanic rocks have not been directly recognized at Qulong, although these rocks are widespread in the western Gangdese belt where no porphyry Cu deposits have been found (Fig. 1) . It is also unclear whether high-Mg diorites occur in other porphyry Cu deposits in the Gangdese belt. The origins of ultrapotassic rocks and high-Mg diorites remain in dispute.
It has been suggested that the Miocene ultrapotassic rocks in the western Gangdese belt of southern Tibet were derived from partial melting of metasomatized Tibetan lithospheric mantle (Turner et al., 1996; Miller et al., 1999; Mahé o et al., 2002; Williams et al., 2004) , but whether the metasomatic agents are subducted Tethyan oceanic sediments Tommasini et al., 2010; Liu et al., 2014a) or Indian continental crustal material (Mahé o et al., 2002; Zhao et al., 2009; Guo et al., 2013 Guo et al., , 2015 Yang et al., 2016) remains unclear. In contrast, Wang et al. (2016) argued that ultrapotassic magmas in southern Tibet were derived from Indian lithosphere rather than Tibetan lithosphere; these rose through the Indian crust and interacted with the overlying hydrous Tibetan lithospheric mantle wedge and thickened lower crust to form hybridized Miocene, ore-forming, adakite-like magmas.
High-Mg diorites also occur in Archean granite-greenstone belts (such rocks are known as sanukitoids), including the Superior Province of North America (Shirey & Hanson, 1984) , the Pilbara Craton of Western Australia (Smithies & Champion, 2000) , and the North China Craton Qian & Hermann, 2010) . These rocks are mostly late-to post-tectonic and volumetrically minor relative to the widespread trondhjemite-tonalitegranodiorite (TTG) suites (Shirey & Hanson, 1984; Stern et al., 1989; Stevenson et al., 1999; Smithies & Champion, 2000; Whalen et al., 2004; Kovalenko et al., 2005) , and are generally temporally and spatially associated with adakite-like rocks. It has been suggested that high-Mg diorites are products of the remelting of hybridized mantle peridotite that had previously been metasomatized by the addition of slab melts (Smithies & Champion, 2000; Polat & Kerrich, 2001) , interaction of mantle peridotite with adakite-like melts derived from partial melting of delaminated lower continental crust Whalen et al., 2004; Huang et al., 2008; Xu et al., 2008) , or mixing of siliceous crustal melts and basaltic magmas derived from metasomatized mantle (Chen et al., 2013) . The volcanic counterparts of high-Mg diorites have been referred to as high-Mg andesites (HMA) which are considered to be produced by hydrous melting of upper-mantle peridotite, triggered by direct addition of slab-derived aqueous fluids (Tatsumi, 1982; Tatsumi & Ishizaka, 1982; Crawford et al., 1989) . Some HMA show adakite-like signatures and are related either to partial melting of subducted oceanic crust followed by interaction with the overlying mantle wedge (Kay, 1978; Kelemen, 1995; Yogodzinski et al., 1995; Rapp et al., 1999; Kelemen et al., 2003a) , intracrustal recycling of the mafic-ultramafic to intermediate-felsic plutonic roots of magmatic arcs by normal mantle-derived basaltic magmas (Chiaradia et al., 2014) , mixing of mantle-derived basaltic magmas and crustal-derived dacitic magmas (Streck et al., 2007) , or deep crustal melting-assimilation-storage-homogenization (MASH) and assimilationfractional-crystallization (AFC) processes (Richards & Kerrich, 2007) . (Zhu et al., 2011) . (b) Simplified geological map of southern Tibet showing the main tectonic units and the spatial distributions of Miocene ultrapotassic rocks and adakite-like rocks associated with the Gangdese Miocene porphyry copper deposits (modified after Zhao et al., 2009 , Liu et al., 2014a , and Zheng et al., 2015 . Note that Miocene ultrapotassic rocks have been recognized at the Zhunuo and Bairong porphyry Cu deposits. Abbreviations: JSSZ, Jinsha Suture Zone; BNSZ, Bangong-Nujiang Suture Zone; IYZSZ, Indus-Yalung Zangbo Suture Zone; SNMZ, Shiquanhe-Nam Tso Mé lange Zone; LMF, Luobadui-Milashan Fault; SL, CL, and NL are the southern, central, and northern Lhasa subterranes, respectively.
In this study, we recognize a suite of Miocene igneous rocks including ultrapotassic-potassic lamprophyres, highMg diorites represented by diorite porphyries and mafic microgranular enclaves hosted by a monzogranite porphyry, and intrusions of monzogranite and monzogranite porphyry with adakite-like chemistry in the Zhunuo porphyry Cu deposit in the Gangdese belt, southern Tibet. We provide new zircon U-Pb age data, zircon Hf-O isotope data, whole-rock major and trace element compositions, and Sr-Nd-Pb isotope data for the suite of Miocene magmatic rocks at Zhunuo to constrain their origin and shed a new insight into the genesis of postcollisional porphyry copper deposits.
GEOLOGICAL SETTING, SAMPLING AND PETROGRAPHY

Regional geological background
The Tibetan Plateau is made up primarily of four terranes, which from north to south are the SongpanGanzi, Qiangtang, Lhasa, and Himalaya terranes (Fig. 1a) . The Lhasa Terrane is bound by the BangongNujiang Suture Zone (BNSZ) to the north and the IndusYarlung Zangbo Suture Zone (IYZSZ) to the south, and has been subdivided into northern, central, and southern subterranes, separated by the Shiquanhe-Nam Tso Mé lange Zone and the Luobadui-Milashan Fault, respectively ( Fig. 1b ; Zhu et al., 2011) . The central Lhasa subterrane was once a microcontinent and has an Archean-Proterozoic basement and widespread PermoCarboniferous metasedimentary rocks; in contrast, the southern and northern subterranes have a juvenile lower crust that was generated by mantle inputs during Mesozoic-Paleocene magmatism in response to the subduction of Neo-Tethyan oceanic lithosphere (Chu et al., 2006 (Chu et al., , 2011 Mo et al., 2008; Chung et al., 2009; Zhu et al., 2015) , and its Triassic-Cretaceous sedimentary cover rocks. The BNSZ represents the closure of the Bangong-Nujiang Ocean caused by the continental collision of the Lhasa and Qiangtang terranes during the Late Jurassic-Early Cretaceous, whereas the IYZSZ marks the site where the Neo-Tethyan Ocean lithosphere was consumed at a subduction zone dipping northward beneath the Lhasa Terrane from the Late Triassic to Paleocene (Yin & Harrison, 2000; Zhu et al., 2011 Zhu et al., , 2015 Deng et al., 2014a Deng et al., , 2014b . The closure of the Neo-Tethyan Ocean and the collision of India with Asia are generally believed to have occurred at $55-50 Ma (Chemenda et al., 2000; Replumaz et al., 2010; Chu et al., 2011; Zhu et al., 2015) .
The Gangdese magmatic rocks in the southern and central Lhasa subterranes were emplaced over a long period from the Late Triassic to Eocene in relation to the northwards subduction of Tethyan oceanic lithosphere and subsequent slab breakoff at ca. 53 Ma (Chu et al., 2006; Ji et al., 2009; Zhu et al., 2015) . Miocene postcollisional magmatic rocks occur within the Gangdese terrane and include 25-10 Ma adakite-like intrusions and 27-12 Ma ultrapotassic volcanic rocks (Miller et al., 1999; Williams et al., 2001 Williams et al., , 2004 Ding et al., 2003; Zhao et al., 2009; Guo et al., 2013; Liu et al., 2014a; Wu et al., 2014 Wu et al., , 2016 Zheng et al., 2015; Sun et al., 2016; Yang et al., 2016) . The ultrapotassic rocks are mainly located in the central Lhasa subterrane and to a lesser extent in the southern Lhasa subterrane, whereas the adakite-like intrusions are mainly located in the southern Lhasa subterrane (Fig. 1b) . Many adakite-like intrusions are associated with porphyry copper deposits which form the Miocene Gangdese porphyry copper belt, extending from east of Lhasa to west of Xigaze and including many giant and large deposits such as Qulong and Zhunuo (Fig. 1b) .
Ore Geology of the Zhunuo porphyry Cu deposit
The Zhunuo porphyry Cu deposit is located at Angren, west of Xigaze, southern Tibet, and has a resource of 2Á3 Mt copper metals at an average grade of 0Á57% (Fig. 2) . A series of lithologic units are present in the Zhunuo district, including Eocene rhyolite porphyry and quartz porphyry, Miocene monzogranite, monzogranite porphyry, microgranular enclaves hosted by the monzogranite porphyry, diorite porphyry, lamprophyre and granite porphyry. Ore bodies are mainly hosted by the monzogranite porphyry and to lesser extent within the monzogranite, diorite porphyry and Eocene igneous rocks. Molybdenite Re-Os isotopic dating indicates that the mineralization age of the Zhunuo deposit is 13Á7 6 0Á6 Ma (Zheng et al., 2007) , similar to the mineralization ages of other porphyry copper deposits in the Gangdese belt (Yang et al., 2016) .
The Eocene rhyolite porphyry and quartz porphyry are located at the periphery of the ore bodies. The rhyolite porphyry (Fig. 3a) close to ore bodies commonly shows propylitic alteration characterized by replacement of biotite by chlorite and of plagioclase by epidote. The rhyolite porphyry contains disseminated pyrite and some secondary minerals such as malachite. The quartz porphyry generally displays sericitization, characterized by replacement of plagioclase by sericite. Disseminated pyrite and quartz-pyrite veins also occur in the quartz porphyry (Fig. 3b, c) .
The Miocene monzogranite intruded into the Eocene rhyolite porphyry and quartz porphyry. Close to the contact with the porphyries, the monzogranite commonly shows potassic and phyllic alteration, which is characterized by replacement of hornblende by biotite and of plagioclase by sericite (Fig. 3d, e) . After emplacement of the monzogranite, a monzogranite porphyry that is believed to be the causative intrusion of the mineralization was intruded. It is exposed in the center of the deposit with an outcrop area of 1 km 2 and generally shows strong alteration and porphyry copper mineralization. The types of alteration include potassic alteration, characterized by K-feldspar replacing plagioclase and secondary biotite replacing primary biotite and hornblende phenocrysts, and phyllic alteration dominated by replacement of plagioclase by quartz and sericite ( Fig. 3d-i ). Mineralization is characterized by disseminated chalcopyrite, pyrite and minor molybdenite, and a variety of veins or veinlets containing quartz, sulfides, and, or, K-feldspar, biotite and sericite. The lamprophyres occur as dykes cross-cutting the quartz porphyry and monzogranite porphyry. They contain secondary malachite and azurite, but show no hydrothermal alteration or primary sulfides (Fig. 4a, b) .
Abundant microgranular enclaves are hosted by the monzogranite porphyry ( Fig. 4c-g ). Quartz-sulfide veins or veinlets commonly cut the monzogranite porphyry and the enclaves. Hydrothermal alteration in the enclaves is characterized by the replacement of hornblende to biotite and/or chlorite (Fig. 4e, f) .
The diorite porphyry, only discovered in drill cores, occurs as dykes that cross-cut the Miocene monzogranite porphyry and Eocene rhyolite porphyry. The diorite porphyry contains phenocrysts of quartz, plagioclase and biotite (Fig. 4h-l) . Hydrothermal alteration is rare in the diorite porphyry.
The granite porphyry occurs as stocks which intrude the monzogranite and monzogranite porphyry. It shows no hydrothermal alteration and an absence of primary sulfides, and likely formed after the mineralization.
ANALYTICAL METHODS
Electron microprobe analysis
Electron microprobe analysis was conducted on feldspar, hornblende and mica using a JEOL JXA-8800
Superprobe at the Institute of Mineral Resources, Chinese Academy of Geological Sciences. The microprobe was operated at an accelerating voltage of 15 kV, beam current 20 nA, and beam size 5 mm. Natural minerals and synthetic oxides were used as standards. Matrix corrections were performed using the ZAF correction program supplied by the instrument manufacturer.
Zircon U-Pb dating
Zircons were separated using standard density and magnetic separation techniques at the Institute of Regional Geology and Mineral Resource Survey of Hebei Province, China. They were mounted on epoxy mounts and then polished for subsequent transmitted and reflected light, as well as cathodoluminescence (CL), observations in order to reveal their internal structures.
Measurements of the U, Th and Pb isotope compositions of zircons from the Zhunuo lamprophyre were made by secondary ion mass spectrometry (SIMS) on a Cameca IMS-1280 at the Institute of Geology and Geophysics, Chinese Academy of Sciences (Beijing), with technical specifications essentially identical to those described by Li et al. (2009a Li et al. ( , 2009b . U-Th-Pb isotope compositions were determined relative to the standard Qinghu zircon with an age of $156 Ma (Li et al., 2009b) . The mass resolution used to measure the U-Pb isotopes was 5400 during the analytical session. The analytical spot size is approximately 20-30 lm in diameter. Measured compositions were corrected for common Pb using the 207 Pb-correction method. Uncertainties on individual analyses in data tables are reported at the 1r level; mean ages for pooled 206 Pb/ 238 U results are quoted at the 95% confidence interval. Data processing was carried out using Isoplot 3Á68 (Ludwig, 2003) . Measurements of the U, Th and Pb isotope compositions of zircons from the Zhunuo monzogranite porphyry and the hosted enclave, and diorite were conducted by laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences. This instrument couples a quadrupole ICP-MS (Agilient 7500a) and a New Wave Research) with an automatic positioning system For this study, laser spot size was set to $32 lm in diameter, laser energy density was set to 8Á5 J cm -2 , and repetition rate was set to 10 Hz. Zircon 91500 (Wiedenbeck et al. 1995) was used as external standard for U-Pb dating, and was analysed twice every five analyses. The data yielded a weighted mean 206 Pb/ 238 U age of 1062 6 7 Ma, which is within uncertainty of the recommended age of 1062 Ma (Wiedenbeck et al. 1995) . Isotopic ratios and element concentrations of zircons were calculated using ICPMSDataCal . Measured compositions were corrected for common Pb using the 207 Pb-correction method. Details of the analytical procedures can be found in Liu et al. (2010) . Data processing was carried out using Isoplot 3Á68 (Ludwig, 2003) .
Measurements of the U, Th and Pb isotope compositions of zircons from the Zhunuo monzogranite were performed using a sensitive high-resolution ion microprobe (SHRIMP) from the SHRIMP II Consortium at Curtin University of Technology in Perth, Western Australia, using the operating procedures and conditions described by Compston et al. (1984) and Lu et al. (2012) . The ratios and absolute abundances of U, Th, and Pb isotopes were determined relative to the BR266 zircon standard (   206   Pb/ 238 U age¼ 559Á0 6 0Á3 Ma; Stern, 2001 (Ludwig, 2003) .
Zircon Hf isotopic analysis
In situ zircon Hf isotopic analyses were subsequently done on the same spots or the same age domains for age determination of the grains. Analyses were performed using a Neptune plus MC-ICP-MS, coupled to a Geolas 2005 excimer ArF laser ablation system with a beam diameter of 44 lm at the State Key Laboratory of Geological Process and Mineral Resources, China University of Geosciences, Wuhan. Detailed instrumental conditions and data acquisition are given in Hu et al. (2012) . Two zircon standards, including GJ-1 and 91500, were analysed to evaluate the accuracy of the laserablation results. During the whole session, GJ-1 yielded mean Hf ¼ 0Á282322 6 28 (2r, n ¼ 26; the recommended value is 0Á282330 6 29 in Griffin et al., 2006) . Some e Hf (t) values are in 10 4 deviation of the initial Hf isotope ratios between the zircon sample and the chondritic reservoir; T DM denotes the depleted mantle model age. The e Hf (t) and T DM values were calculated following the recommendation of Griffin et al. (2000) using the 176 Lu decay constant given by Soderlund et al. (2004) .
Zircon O isotopic analysis
In situ zircon oxygen isotopic measurements for the Zhunuo lamprophyre were conducted using the Cameca IMS-1280 at the Institute of Geology and Geophysics, Chinese Academy of Sciences (Beijing). The Csþ primary ion beam was accelerated at 10 kV, with an intensity of $2 nA (Gaussian mode with a primary beam aperture of 200 lm to reduce aberrations) and rastered over a 10 lm area. The analytical spot size is approximately 20 lm in diameter (10 lm beam diameter þ 10 lm raster). Oxygen isotopes were measured in multi-collector mode using two off-axis Faraday cups. Uncertainties of individual analyses are reported at the 1r level. The internal precision of a single analysis was generally better than 0Á2& for the 18 (Li et al., 2010) . The detailed working conditions and the analytical procedures have been described by Li et al. (2010) .
Major and trace elements
The bulk-rock major and trace element compositions of the Zhunuo lamprophyre, enclave, diorite porphyry, monzogranite, and monzogranite porphyry samples were determined at the Institute of Regional Geology and Mineral Resource Survey of Hebei Province, China. All samples were ground to $200 mesh size in an agate mortar. For major element analyses, sample powders (2 g) were fused with Li 2 B 4 O 7 at 1050 C for 20 min. Whole-rock major element oxide contents were determined on fused glass discs by X-ray fluorescence spectrometry (XRF) at the Institute of Regional Geology and Mineral Resource Survey of Hebei Province, China, using an Axios system. The analytical precision was better than 5% relative. For rare earth element (REE) and trace element analyses, whole-rock powders (40 mg) were dissolved in distilled HF þ HNO 3 in 15 ml screw-cap beakers at 120 C for 6 days, dried, and then diluted to 50 mL for analyses. The REE and trace element contents of the sample solutions were analysed by inductively coupled plasma mass spectrometry (ICP-MS) at the Institute of Regional Geology and Mineral Resource Survey of Hebei Province, China, using an X series 2 system. A blank solution was prepared; the total procedural blanks were <50 ng for all the trace elements. Precision for REE and trace element was better than 5%. The detailed analytical procedures are similar to those described by Guo et al. (2006) and Liu et al. (2015) .
Bulk-rock Sr-Nd-Pb isotope analyses
The Sr and Nd isotopic compositions were determined by thermal ionization mass spectrometry (TIMS) Pb ¼ 38Á691, Woodhead & Hergt, 2000) .
RESULTS
Petrology
Representative major element compositions of feldspar, hornblende, and mica in the monzogranite, monzogranite porphyry, enclaves hosted in monzogranite porphyry, diorite porphyry and lamprophyre at Zhunuo, southern Tibet are reported in Supplementary Data Electronic Appendices 1-3; supplementary data are available for downloading at http://www.petrology. oxfordjournals.org.
Monzogranite and monzogranite porphyry
Monzogranite is characterized by hypidiomorphicgranular texture and consists of K-feldspar (30-35%), plagioclase (25-30%), quartz (20-25%), minor biotite ($5%) and hornblende ($2%). K-feldspar is characterized by megacrysts (1-3 cm) and medium-to coarsegrained (0Á2-3 mm) phenocrysts which typically display Carlsbad twinning and zoning (Fig. 3d) . Plagioclase (0Á2-2 mm) is subhedral to euhedral, and commonly displays albite or albite-Carlsbad twinning. The plagioclase phenocrysts in monzogranite range in composition from oligoclase to andesine (An ¼ 26Á6-32Á8%; Supplementary Data Electronic Appendix 1). Quartz (0Á5-2 mm) is commonly rounded and embayed in shape, showing resorption textures. Hornblende (0Á3-1Á5 mm) is euhedral to subhedral and is replaced by biotite in places (Fig. 3e) Phenocrysts in the monzogranite porphyry consist of K-feldspar ($25%), plagioclase ($20%), biotite (5 to $8%), and hornblende ($5%), with sizes ranging from 1 to 3 mm (Fig. 3f) . The groundmass is quartzofeldspathic, but displays a fine-grained aplitic texture at shallow levels. K-feldspar phenocrysts are subhedral to euhedral and typically display Carlsbad twinning. Plagioclase phenocrysts are subhedral to euhedral and typically display albite or albite-Carlsbad twinning. The plagioclase phenocrysts in monzogranite porphyry are oligoclase ranging in An content from 23Á7-28Á5% (Supplementary Data Electronic Appendix 1). Quartz phenocrysts are commonly rounded and embayed in shape. Hornblende phenocrysts are rare and significantly replaced by biotite (Fig. 3h) 
Lamprophyre
The Zhunuo lamprophyre is porphyritic with phlogopite phenocrysts ($5%) and a groundmass consisting mainly of phlogopite, sanidine, apatite, and Fe-Ti oxides (Fig. 4a) . Phlogopite occurs as large euhedral platy phenocrysts which show yellow or redish-brown pleochroism and range in size up to 3 mm (Fig. 4b) 
Enclaves hosted by monzogranite porphyry
Abundant microgranular enclaves are randomly distributed in the host monzogranite porphyry, and have ovoid, ellipsoidal, lenticular, or irregular shapes, with sizes ranging from 1 to 20 cm (Fig. 4c) . They show finegrained, hypidiomorphic-granular textures or porphyritic textures and consist mainly of plagioclase (50%-60%), hornblende (25%-30%), biotite (10%-15%), and minor Kfeldspar, quartz and apatite (Fig. 4d) . The plagioclase phenocrysts in enclaves range in composition from Leake et al. (1997). oligoclase to andesine (An ¼ 28Á0-31Á6%; Supplementary Data Electronic Appendix 1). Hornblende is characterized by its relatively large size (up to 1 mm), euhedral to subhedral shape, and sieve texture with the voids filled by matrix (Fig. 4e) . The hornblende phenocrysts from the enclaves are calcic with Mg# of 66-74 (Supplementary Data Electronic Appendix 2) and are all magnesiohornblende (Fig. 5) . Apatite is generally acicular (Fig. 4g) . Biotite phenocrysts appear as euhedral brown flakes with distinct cleavage which have MgO of 15Á15-15Á61 wt %, Mg# of 65-67, and Al 2 O 3 of 13Á84-14Á40 wt % (Supplementary Data Electronic Appendix 3). Some plagioclase xenocrysts also occur and are likely products of magma mixing and, or, mingling between the primitive melts of the enclaves and magmas represented by the monzogranite porphyry (Fig. 3i) .
Diorite porphyry
Phenocrysts in the diorite porphyry consist mainly of plagioclase ($2%), hornblende ($1%), biotite ($1%), and quartz ($1%), which together account for less than 5% of the volume of the rock (Fig. 4h ). Plagioclase and quartz phenocrysts have rounded to embayed shapes that range in size from 0Á2 to 3 mm. The plagioclase phenocrysts in diorite porphyry are oligoclase ranging in An content from 10Á4 to 29Á4% (Supplementary Data Electronic Appendix 1). Biotite and hornblende phenocrysts are rather small (generally < 0Á1 mm) and generally acicular (Fig. 4i, j) . The hornblende phenocrysts from the diorite porphyry are calcic with Mg# of 61-77 (Supplementary Data Electronic Appendix 1) and are magnesiohornblende and actinolite (Fig. 5) . The Biotite phenocrysts appear as euhedral brown flakes with distinct cleavage and have MgO of 14Á82-16Á09 wt %, Mg# of 63-67, and Al 2 O 3 of 13Á4-14Á38 wt % (Supplementary Data Electronic Appendix 3). Some plagioclase phenocrysts are wrapped by hornblende and biotite (Fig. 4j, k) , indicating that they are probably the products of magma mixing between the primitive melts of the diorite porphyry and magmas represented by the monzogranite porphyry. Some biotite phenocrysts appearing as euhedral brown flakes with relatively large size ($0Á5 mm; Fig. 4l ) are likely also sourced from the monzogranite porphyry.
Zircon U-Pb geochronology
Representive cathodoluminescence (CL) images of zircons from specimens of a monzogranite (ZN11-17), a monzogranite porphyry (ZN005-189), a lamprophyre (PM14-107), an enclave (ZN12-16) hosted by the monzogranite porphyry, and a diorite porphyry (ZN2306-321), together with their Table 1 .
Zircons from the monzogranite sample (ZN11-17) are 100-200 lm in size (Fig. 6a) . They are euhedral and exhibit numerous narrow oscillatory zones. They have concentrations of Th (789-1781 ppm) and U (134-986 ppm), with Th/U ratios over 0Á2, indicating a magmatic origin (Hoskin & Schaltegger, 2003 Pb/ 238 U age of 14Á7 6 0Á3 Ma is interpreted as the igneous crystallization age for the monzogranite sample.
Zircons from the monzogranite porphyry sample (ZN005-189) are 80-200 lm in size (Fig. 6c) The ultrapotassic lamprophyre sample (PM14-107) contains a complex population of zircons (Fig. 7a, b) . Group 1 zircons, with 206 Pb/ 238 U ages of 11Á9-12Á8 Ma, are euhedral to subhedral and exhibit weak zoning or uniform internal textures. They display large variations in the concentrations of Th (126-7958 ppm) and U (132-6599 ppm), with Th/U ratios mostly greater than 0Á2, indicating a magmatic origin. Regression of this population yields a U-Pb concordia intercept age of 12Á1 6 0Á1 Ma (MSWD ¼ 0Á76; n ¼ 9), which is within error of the weighted mean 207 Pb/ 238 U age of 12Á2 6 0Á1 Ma (MSWD ¼ 0Á80; n ¼ 9), the latter of which is interpreted as the igneous crystallization age for the lamprophyre sample. Group 2 zircons are euhedral to subhedral and exhibit weak zoning in CL images. These zircons have low U (550-1869 ppm) and Th (293-713 ppm) contents, with Th/U ratios of 0Á24-0Á88 that indicate a magmatic origin. Zircons from the enclave sample (ZN12-16) range from about 100 to 150 lm in size (Fig. 7c) . Most of them are euhedral and exhibit numerous narrow oscillatory zones. Except for two zircon grains (ZN12-16-3 and ZN12-16-19) that have extremely high concentrations of U (3890 ppm and 3799 ppm) and Th (11036 ppm and 11910 ppm) and Th/U ratios (>2Á8), most zircons in the enclave have high concentrations of U (1072-2629 ppm) and Th (491-5650 ppm), with Th/U ratios of 0Á46-2Á22. The enclaves are hosted by the monzogranite porphyry and also contain a complex population of zircons (Fig. 7d) (Table 1) . 
Zircon Hf and O isotopes
In situ Hf isotopic compositions of zircons from the monzogranite, monzogranite porphyry, enclave and diorite at Zhunuo are listed in Table 2 and shown in Figs 6-8. In situ Hf-O isotopic compositions of zircons from the ultrapotassic lamprophyre are listed in Table 3 ZN11-17_1  598  1251  0Á48  442Á28  8Á80  0Á0605  0Á0034  14Á6  0 Á3  ZN11-17_2  330  992  0Á33  46Á76  0Á95  0Á0579  0Á0015  136  3  ZN11-17_3  134  850  0Á16  375Á12  8Á96  0Á0730  0Á0125  17Á2  0 Á4  ZN11-17_4  380  823  0Á46  458Á37  11Á05  0Á0462  0Á0114  14  0Á3  ZN11-17_5  422  1034  0Á41  448Á83  10Á71  0Á0595  0Á0067  14Á3  0 Á3  ZN11-17_6  747  935  0Á8  403Á44  10Á08  0Á0836  0Á0135  16  0Á4  ZN11-17_7  602  1197  0Á5  441Á88  9Á19  0Á0470  0Á0096 PM14-107@22  623  207  0Á33  116Á89  1Á89  0Á0462  0Á0020  55Á0  0 Á9  PM14-107@23  2706  157  0Á06  121Á06  1Á86  0Á0476  0Á0007  53Á0  0 Á8  PM14-107@171  553  104  0Á19  18Á38  0Á95  0Á0568  0Á0022  341  17  PM14-107@172  360  368  1Á02  4Á86  0Á06  0Á0739  0Á0026  1206  13  PM14-107@173  840  257  0Á31  14Á36  0Á25  0Á0623  0Á0020  434  7  PM14-107@174  580  101  0Á17  15Á61  0Á21  0Á0529  0Á0020  400  5  PM14-107@175  329  124  0Á38  21Á24  0Á36  0Á0778  0Á0055  297 Hf i e Hf (t) T DM2 (Ma) Lu/ 177 Hf ratios of chondrite and depleted mantle at the present are 0Á282772 and 0Á0332, 0Á28325 and 0Á0384, respectively (Blichert-Toft & Albarè de, 1997; Griffin et al., 2000) . k ¼ 1Á867 Â 10 -11 a -1 (Soderlund et al., 2004) . Age ¼ crystallization age of zircon. 
), using concentrations normalized to chondrite (Sun & McDonough, 1989) . Abbreviation: MG, monzogranite; MGP, monzogranite porphyry; Lam-u, ultrapotassic lamprophyre; Lam-p, potassic lamprophyre; DP, diorite porphyry. Samples beginning with ZN802, ZN804, ZN806, ZN005 and ZN2306 are selected from boreholes 802, 804, 806, 005 and 2306, respectively. Numbers behind these drill hole numbers mean depths in boreholes where the samples are selected. The rest samples are selected from surface. Positions of all samples are shown in Figure 2 . Note that samples marked * denote they are not fresh or altered.
alteration. Thus, their elemental and Sr-Nd-Pb isotopic compositions are used to discuss the petrogenesis of these rocks. Although the lamprophyres formed after emplacement of the ore-related monzogranite porphyry and show no primary sulfides and hydrothermal alteration (Fig. 4a, b) , they commonly experienced supergene enrichment and contain secondary malachite and azurite, likely due to their occurrence in the center of the ore district. Eight samples are relatively fresh and have loss-on-ignition (LOI) values of 1Á3-3Á7 wt %. Their elemental and Sr-Nd-Pb isotopic compositions are used for petrogenetic analysis. Another two samples (PM14-106Á5 and D33; Lu et al., 2015b) . These two lamprophyre samples (PM14-106Á5 and D33), together with sample PM11-145 with low LOI value (3Á7 wt %) and the highest K 2 O content (8Á54 wt %), show negative correlation between LOI and K 2 O and are indicative of variable extents of weathering. Other major elements (e.g. SiO 2 , Al 2 O 3 , and CaO) and highly fluid-mobile elements (e.g. Rb, Ba, Pb and U) also show rough correlations with LOI (not shown). However, MgO, compatible elements (e.g. Cr and Ni), high-fieldstrength elements (HFSE; e.g. Zr, Nb, Hf), REE, and SrNd-Pb isotopes generally do not correlate with LOI (not shown). Thus, only those data are used for petrogenetic analysis. Enclave  13Á1  39Á3673  4  15Á7073  5  18Á7293  5  39Á2269  15Á7042  18Á6617  ZN806-348  DP  13Á0  39Á3375  6  15Á6870  6  18Á7379  6  39Á2893  15Á6857  18Á7104  ZN804-326  DP  13Á0  39Á2385  6  15Á6928  6  18Á6823  6  39Á1007  15Á6896  18Á6143  ZN-11-13  MG  14Á7  39Á2526  7  15Á6879  3  18Á7409  3  39Á2382  15Á6877  18Á7085  ZN-11-14  MG  14Á7  39Á2461  7  15Á6871  3  18Á7355  3  39Á2240  15Á6869  18Á7031  ZN-11-15  MG  14Á7  39Á2596  8  15Á6896  3  18Á7477  3  39Á2268  15Á6893  18Á7009  ZN-11-16  MG  14Á7  39Á2471  7  15Á6855  3  18Á7400  3  39Á2182  15Á6852  18Á7033  ZN806-202Á9  MGP  14Á6  39Á2458  2  15Á6885  2  18Á7298  2  39Á2227  15Á6884  18Á7110 Rock type: Lam-u, ultrapotassic lamprophyre; Lam-p, potassic lamprophyre; DP, diorite porphyry; MG, monzogranite; MGP, monzogranite porphyry. 
Major and trace element geochemistry Lamprophyre
Among eight fresh lamprophyre samples, sample PM11-145 has the lowest SiO 2 of 55Á47 wt % and highest K 2 O (8Á54 wt %) and MgO (8Á88 wt %) contents. It plots within the trachyandesite field on a diagram of total alkalis vs. silica (TAS; Fig. 10a ) and in the shoshonitic field on a plot of K 2 O versus SiO 2 (Fig. 10b) . Sample PM11-145 is ultrapotassic, with K 2 O >3 wt %, MgO >3 wt % and K 2 O/Na 2 O ratios of 11Á1, based on the criteria of Foley et al. (1987) . It has high concentrations of compatible elements (Cr ¼ 593 ppm; Ni ¼ 440 ppm) and a high Mg# (77). These relatively primitive compositions minimize the likelihood of significant shallow-level crustal contamination and magmatic differentiation for this sample. Sample PM11-145 is enriched in light rare earth elements (LREE; La ¼ 123 ppm) and large ion lithophile elements (LILE; e.g. Ba ¼ 3102 ppm, Th ¼ 116Á6 ppm, and Pb ¼ 140 ppm). Its chondrite-normalized REE pattern is similar to those of postcollisional ultrapotassic volcanic rocks (UPVR) from the southern Lhasa subterrane (Fig. 11a ). It has a moderately negative Eu anomaly (Eu/ Eu* ¼ 0Á67), which is either a characteristic of the magma source or an indication that plagioclase was a major phase controlling magmatic differentiation (Conticelli et al., 2009) . Sample PM11-145 shows pronounced enrichments in Th, U, K, and Pb, and relative depletions in Nb, Ta, and Ti, and these characteristics are also typical of the UPVR from the southern Lhasa subterrane (Fig. 11b) .
Another seven fresh lamprophyre samples are potassic rocks and have relatively higher SiO 2 (60Á8-62Á9 wt %) and lower K 2 O (4Á2-5Á7 wt %) and MgO (4Á9-5Á7 wt %) contents than sample PM11-145. These samples plot within the trachy-andesite and trachydacite fields on a TAS diagram (Fig. 10a) and in the shoshonitic field on a plot of K 2 O versus SiO 2 (Fig. 10b) . The potassic lamprophyres also have lower contents of compatible elements (e.g. Cr, Ni), REE, LILE (e.g. Ba, Th, Sr, Pb) and HFSE (e.g. Nb, Zr, Hf) than the ultrapotassic lamprophyres (Fig. 12) .
Enclaves
Four fresh Zhunuo enclaves have the following contents of SiO 2 (58Á9-60Á6 wt %), MgO (4Á4-5Á6 wt %), Cr (230-294 ppm) and Ni (76-101 ppm), and Mg# values of 56-63. They have K 2 O (3Á1-4Á8 wt %) concentrations and K 2 O/Na 2 O ratios of 0Á75 to 1Á5, indicating that they cannot be classified as ultrapotassic rocks as defined by Foley et al. (1987) . The enclaves are mostly monzonites according to the TAS diagram (Fig. 10a) and plot in the high-K calc-alkaline to shoshonitic fields on diagrams of K 2 O vs. SiO 2 and K 2 O vs. Na 2 O (Fig. 10b, c) .
The Zhunuo enclaves display moderate enrichments in LREE (La ¼ 36-49; La/Yb ¼ 39-59) and have negative Eu anomalies (Eu/Eu* ¼ 0Á47-0Á56) (Fig. 11c) . They are characterized by an enrichment of LILE (e.g. Ba ¼ 888-1201 ppm, Th ¼ 90-99 ppm, and Pb ¼ 22-33 ppm) relative to HFSE and LREE. There are significant negative Nb-Ta anomalies and pronounced peaks in Pb (Fig. 11d) . They show variable contents of Sr (273-566 ppm) and Y (13Á5-18Á3 ppm), and Sr/Y ratios of 15-39. 
Diorite porphyry
Four fresh Zhunuo diorite porphyry samples have contents of SiO 2 (61Á9-64Á9 wt %), MgO (2Á8-3Á9 wt %), Cr (115-164 ppm) and Ni (47-51 ppm), and Mg# values of 56-64. They have K 2 O (4Á0-4Á6 wt %) concentrations and K 2 O/Na 2 O ratios of 1Á0 to 1Á4, indicating they are not ultrapotassic rocks as defined by Foley et al. (1987) . Rocks of Zhunuo diorite porphyry are mostly quartz monzonites according to the TAS diagram (Fig. 10a) and plot in the shoshonitic field on diagrams of K 2 O vs. SiO 2 and K 2 O vs. Na 2 O (Fig. 10b, c) .
The Zhunuo diorite porphyry samples show moderate LREE enrichment (La ¼ 36-43; La/Yb ¼ 50-81) and negative Eu anomalies (Eu/Eu* ¼ 0Á57-0Á66; Fig. 11c ), and they have variable concentrations of LILE (e.g. Ba ¼ 895-1360 ppm, Th ¼ 51-87 ppm, and Pb ¼ 14-55 ppm). They display significant negative Nb-Ta anomalies and positive Pb anomalies (Fig. 11d) . They also show high Sr (488-763 ppm) and low Y (9-12Á1 ppm) contents, and high Sr/Y ratios of 49-75, indicating that they display adakite-like geochemical signatures.
Monzogranite and monzogranite porphyry
Eight monzogranite samples have SiO 2 (66Á7-70Á1 wt %), MgO (0Á91-1Á74 wt %), K 2 O (3Á5-4Á7 wt %), Cr (9Á2-25Á8 ppm) and Ni (9-13Á4 ppm), and Mg# values of 46-49. They display moderate enrichments in LREE and weak negative Eu anomalies (La/Yb ¼ 35-70; Eu/ Eu* ¼ 0Á75-0Á93; Fig. 11e) . Rocks of monzogranite composition are high-K calc-alkaline, enriched in LILE (e.g. Ba, Sr) and depleted in HFSE (e.g. Nb, Ta, P; Fig. 11f ). They show adakite-like geochemical signatures characterized by high Sr (598-818 ppm), low Y (6Á1-12Á2 ppm) and Yb (0Á4-1Á2 ppm) contents, and high Sr/Y ratios (57-123).
Five monzogranite porphyry samples are high-K calc-alkaline in composition, with SiO 2 (66-68Á6 wt %), MgO (1Á54-1Á97 wt %), K 2 O (3Á9-4Á6 wt %), Cr (18Á6-31Á7 ppm) and Ni (12Á4-17Á4 ppm), and Mg# values of 50-55. They display moderate enrichments in LREE and weak negative Eu anomalies (La/Yb ¼ 30-42; Eu/ Eu* ¼ 0Á69-0Á75; Fig. 11e ). They also show adakite-like geochemical signatures such as high Sr/Y ratios (57-71). These characteristics, and strong LILE enrichment relative to HFSE and significantly negative Ta-Nb anomalies (Fig. 11f) , mimic the characteristics of the monzogranite at Zhunuo and most reported postcollisional adakite-like intrusions from the Gangdese belt in southern Tibet (e.g. Chung et al., 2003; Hou et al., 2004; Yang et al., 2016) . Tables 5 and 6 
Bulk-rock Sr-Nd-Pb isotopes
DISCUSSION
Ages of Miocene igneous rocks at Zhunuo
The Zhunuo monzogranite and monzogranite porphyry have weighted mean 206 Pb/ 238 U ages of 14Á7 6 0Á3 Ma (MSWD ¼ 2Á1) and 14Á6 6 0Á2 Ma (MSWD ¼ 1Á5), indicating that they have a similar crystallization age. Zheng et al. (2007) have reported that the Zhunuo monzogranite porphyry has a SHRIMP zircon U-Pb age of 15Á6 6 0Á6 Ma (MSWD ¼ 1Á8). In contrast, Zeng et al. (2017) obtained a LA-ICP-MS zircon U-Pb age of 12Á4 6 0Á3 Ma (MSWD ¼ 2Á2). Considering that molybdenites from the Zhunuo monzogranite porphyry have a weighted mean Re-Os age of 13Á92 6 0Á08 Ma (MSWD ¼ 0Á79; n ¼ 4; Zheng et al., 2007) , we argue that the age reported by Zeng et al. (2017) is too young to be credible because abundant geochronological data show that the zircon U-Pb ages of ore-forming porphyries are older than or similar to the molybdenite Re-Os ages for porphyry copper deposits (e.g. Hou et al., 2004; Zheng et al., 2015; Yang et al., 2016) . Thus, the Zhunuo monzogranite porphyry formed between 15Á6 6 0Á6 Ma and 14Á6 6 0Á2 Ma. These crystallization ages are similar to the zircon U-Pb ages of ore-forming adakite-like intrusions from porphyry copper deposits in the Gangdese belt, such as Qulong (17Á6 6 0Á7 Ma to 16Á2 6 0Á3 Ma; Hou et al., 2004; Zhao et al., 2016) , Jiama (15Á7 6 0Á1 Ma to 15Á0 6 0Á4 Ma; Chung et al., 2003; Zheng et al., 2016) , Nanmu (15Á0 6 1Á0 Ma; Wu et al., 2016) , Tinggong (16Á0 6 0Á8 Ma; Li et al., 2011) , Chongjiang (15Á6 6 0Á5 Ma to 14Á0 6 0Á2 Ma; Hou et al., 2004; Mo et al., 2006) , and Bairong (14Á8 6 0Á5 Ma and 14Á2 6 0Á9 Ma; Li et al., 2011) .
Although zircons from the Zhunuo lamprophyre yield complex 206 Pb/ 238 U ages, the following evidence leads us to consider the time of crystallization of the Zhunuo lamprophyre to have been around 12Á2 Ma. The Miocene xenocrysts have 206 Pb/ 238 U ages of 14Á0-17Á5 Ma and e Hf (t) values of -4Á6 to -1Á2, which are similar to those of monzogranite porphyry at Zhunuo. This indicates that these xenocrysts probably came from the monzogranite porphyry, which is consistent with the field evidence that the Zhunuo lamprophyre dykes intruded into the monzogranite porphyry (Fig. 2) (Smithies & Champion, 2000) are also shown for comparison. Note that the relatively primitive ultrapotassic lamprophyre sample (PM11-145) and primitive high-Mg diorite sample (ZN005-410Á8) are marked, and two altered ultrapotassic lamprophyre samples are also shown. In (b) the black curve is plotted according to Mg# ¼ 0Á00294SiO 2 2 -0Á3697SiO 2 þ 11Á953 (for 55< SiO 2 <65 wt %) and data plotting above this curve are high-Mg diorites (Lee & Bachmann, 2014) . Mg is equal to 100 Â Mg/(Mg þ Fe*) in atomic proportions, where Fe* corresponds to total Fe. In (l) Eu/Eu*¼ 2
), using concentrations normalized to chondrite (Sun & McDonough, 1989) .
Both the diorite porphyry and enclave samples contain xenocrysts with weighted mean 206 Pb/ 238 U ages of 14Á1 6 0Á2 Ma (Fig. 7) . These xenocrysts were also probably sourced from the monzogranite porphyry. In addition, they also contain igneous zircons with similar weighted mean 206 Pb/ 238 U ages of 13Á0 6 0Á2 Ma and 13Á1 6 0Á2 Ma (Fig. 7) . These ages are slightly younger than the crystallization age of the monzogranite porphyry, which is consistent with the observation that the diorite porphyry intruded into the monzogranite porphyry and that the enclaves are hosted by the monzogranite porphyry. Thus, we argue that the diorite porphyry and enclaves are coeval, with a crystallization age of around 13 Ma. This age is similar to literature data for the diorite porphyry at Zhunuo within error (12Á5 6 0Á4 Ma, Zeng et al., 2017) and slightly younger than the zircon U-Pb ages of diorite porphyries from Qulong (15Á7 6 0Á2 Ma; 15Á3 6 0Á2 Ma, Yang et al., 2015; Fig. 12 . Continued. Zhao et al., 2016) and Bangpu (15Á0 6 0Á2 Ma, Wang et al., 2012) .
Petrogenesis of ultrapotassic-potassic lamprophyres at Zhunuo
Lamprophyres related to metasomatism of the mantle source by recycling of crustal components and input of adakite-like magmas As discussed above, the Zhunuo lamprophyres can be classified into ultrapotassic and potassic groups. The ultrapotassic lamprophyres have high Mg# (77) and high concentrations of compatible elements (Cr ¼ 593 ppm; Ni ¼ 440 ppm), suggesting they are in equilibrium with the mantle (Frey et al., 1978; Carmichael et al., 1996; Wilson, 2001; Fig. 13) . Thus, it is reasonable to assume a mantle origin for the Zhunuo lamprophyres. The potassic lamprophyres are more evolved and have lower concentrations of compatible elements than the ultrapotassic lamprophyres (Fig. 13) .
Zircon Hf isotopic signatures can provide a measure of a magma's source composition and indicate the extent to which the melt was either juvenile, i.e. close to a mantle value and with higher e Hf , or derived from an evolved, typically crustal, source with low e Hf . The Zhunuo lamprophyres have low zircon e Hf values of -2Á8 to 1Á3 (mean ¼ -1Á3 6 1Á2; Table 3 ; Fig. 8 ), requiring involvement of ancient crustal component in their mantle source.
Zircon is extremely retentive of the magmatic O isotope ratio, and zircons in equilibrium with pristine mantle-derived melts have a narrow range of d
18 O values averaging 5Á3 6 0Á6& (2r; Valley et al., 1998; Valley, 2003 , with a weighted mean of 6Á9 6 0Á4&, indicating that a supracrustal component was involved in the genesis of the Zhunuo ultrapotassic lamprophyres (Fig. 9) . Recently, Liu et al. (2014b) also reported that olivines separated from Sailipu mantle peridotite xenoliths in southern Tibet have d
18 O values ranging from 7Á42& to 8Á92& (with an average of 8Á03 6 0Á28&), and proposed the existence of a 18 O-enriched reservoir in the Tibetan lithospheric mantle, which is supported by the heavy zircon oxygen isotopic compositions of the Zhunuo ultrapotassic lamprophyres (Fig. 9) .
The ultrapotassic-potassic lamprophyres at Zhunuo have enriched Sr-Nd-Pb isotope compositions. The Nd isotope compositions of the most primitive ultrapotassic sample (PM11-145) and other two altered ultrapotassic lamprophyre samples (PM14-106Á5 and D33; Tables 5 and 6) are similar, but their Sr-Pb isotope compositions are slightly different (Fig. 14) Sr) i and slightly higher e Nd (t) values than the ultrapotassic lamprophyres at Zhunuo (Fig. 14) . The following lines of evidence lead us to consider that this feature is due to interaction between primitive mantlederived ultrapotassic lamprophyre magmas and adakite-like magmas.
1. The negative trend between Nd isotopic composition and MgO content, and positive trends between Sr-Pb isotopic ratios and MgO contents from ultrapotassic lamprophyres to potassic lamprophyres support a potential contribution from adakite-like Pb/ 238 U age of 14Á6 6 0Á4 and e Hf (t) values of -4Á6 to -1Á2, which are similar to the Zhunuo monzogranite or monzogranite porphyry (Fig. 7a, b) . Thus, these Miocene zircon xenocrysts are likely sourced from the Zhunuo adakite-like intrusions, which is indicative of interaction between ultrapotassic lamprophyre magmas and adakite-like magmas. 3. High MgO, Cr, and Ni concentrations require a mantle component in the genesis of the potassic lamprophyres (Fig. 12) . The potassic lamprophyres have lower concentrations of REE and HFSE than the ultrapotassic lamprophyres (Fig. 11 ). Taken together with the potassic lamprophyres having lower ( 87 Sr/ 86 Sr) i and higher e Nd (t) values than the ultrapotassic lamprophyres, the potassic lamprophyres cannot be produced by fractional crystallization of ultrapotassic magmas represented by the ultrapotassic lamprophyres, as such a process would result in the potassic lamprophyres have higher REE and HFSE contents and similar Sr-Nd isotope compositions which are opposite to the observations (Figs 11  and 14) . Ultrapotassic magma mixing with adakitelike magma could be a possible process to explain the origin of the Zhunuo potassic lamprophyres. This is also consistent with the observation that the SiO 2 , K 2 O, and MgO contents of the potassic lamprophyre samples vary between the ultrapotassic lamprophyres and adakite-like intrusions (Fig. 12) , and data for the potassic lamprophyre samples fall between the ultrapotassic lamprophyres and the adakite-like intrusions on chondrite-normalized REE and primitive-mantle-normalized element plots (Fig. 11) .
In summary, we infer that the enriched zircon Hf-O isotope and bulk-rock Sr-Nd-Pb isotope compositions of the Zhunuo ultrapotassic lamprophyres reflect a mantle source region that is likely metasomatized by recycled ancient crustal components with unradiogenic Hf and Nd and radiogenic Sr and Pb isotope compositions. The potassic lamprophyres were likely produced by mixing between mantle-derived ultrapotassic lamprophyre magmas and adakite-like magmas.
Mantle metasomatism related to Neo-Tethyan oceanic subduction and Indian continental subduction
The mantle-derived ultrapotassic lamprophyres are characterized by high contents of incompatible elements (Fig. 11) , and these features suggest an enriched component was involved in their genesis. In addition, the ultrapotassic lamprophyres contain some ancient zircon xenocrysts that have zircon U-Pb ages ranging from 341 Ma to 1206 Ma (Table 1) . These inherited zircon U-Pb ages coincide well with the U-Pb ages of magmatic zircons from granitoids in the central Lhasa subterrane that were derived from ancient Lhasa basement and have negative zircon e Hf (t) and ancient Hf isotope crustal model ages (down to -22Á0 with Paleoproterozoic to Archean model ages; Zhu et al., 2011) . Thus, formation of the Zhunuo lamprophyres involves contamination by ancient Lhasa basement. It is necessary, therefore, to determine whether these features can be ascribed to crustal assimilation or magma source enrichment.
In Fig. 15 , average upper, middle, and lower continental crust and partial melts derived from the ancient Lhasa basement are shown for comparison. Crustal contamination cannot explain some trace element features of the Zhunuo ultrapotassic lamprophyres because the continental crust contaminants would only dilute the enriched primitive melts (cf. Conticelli, 1998) . Therefore, some incompatible elements (e.g. Ba) and element ratios (e.g. Th/Yb, Ba/La, Hf/Sm, Zr/Hf) can be used as effective tracers for constraining the nature of the mantle source (Ben Othman et al., 1989; Dupuy et al., 1992; Weyer et al., 2003; Prelevi c et al., 2012; Fig. 15 ). In the Th/Yb vs. Ba/La plot (Fig. 15a) , the ultrapotassic lamprophyres at Zhunuo display elevated Th/ Yb with limited Ba/La variation. Generally, magmatic rocks derived from a mantle source that had been metasomatized by a fluid component are likely to have high Ba and Pb concentrations and high Ba/La and Ba/Th ratios, whereas magmas with a strong imprint in their source region of sediment-derived melts should have high Th contents and high Th/Yb and Nb/Y ratios (Hawkesworth et al., 1997; Woodhead et al., 2001; Kelemen et al., 2003b; Zhao et al., 2009; Guo et al., 2013 Guo et al., , 2015 Liu et al., 2014a) . Thus, the high ratios of Th/Yb for the ultrapotassic lamprophyres indicate that the mantle source of the Zhunuo ultrapotassic lamprophyres was metasomatized by sediment-derived melts (Fig. 15a) . In contrast the high contents of Ba and Pb, and high ratios of Ba/La (Fig. 15b ) are related to a mantle source that had been enriched by fluids.
The Nb/U (1Á4) and Ce/Pb (1Á9) ratios of the most primitive lamprophyre sample (PM11-145) are significantly lower than those of MORB and OIB, which have uniform Nb/U and Ce/Pb ratios of $47 and $25 (Hofmann, 2003) , and lower than those of crust (Nb/ U ¼ 4Á4-12Á6; Rudnick & Gao, 2003) . These features indicate a metasomatized mantle source, which is also supported by the strong positive Pb spike and depletion in HFSE relative to neighboring elements, such as the NbTa and Ti anomalies ( Fig. 11 ; Conticelli et al., 2009; Hofmann, 2003) . The ultrapotassic lamprophyres show moderate Eu negative anomalies (Fig. 12l) , and this feature cannot be ascribed to plagioclase fractionation because plagioclase generally does not crystallize in lamprophyre magma (Conticelli et al., 2009) . Therefore, the negative Eu anomalies should represent the characteristics of the agents responsible for metasomatizing the mantle source. The recycling of sediments is a plausible candidate for imprinting moderately negative Eu anomalies during mantle metasomatism (Conticelli et al., 2009) .
The most primitive ultrapotassic lamprophyre sample (PM11-145) contains high concentrations of K 2 O, indicative of a primary feature in a potassium-rich lithospheric mantle beneath the southern Lhasa subterrane. This is also consistent with the presence of potassium-rich mineral phases (e.g. phlogopite) in the mantle xenoliths exhumed by the Miocene Shalipu ultrapotassic rocks; these xenoliths are mainly harzburgites composed of 70%-85% olivine, 10%-25% orthopyroxene, <5% clinopyroxene þ spinel, and <5% phlogopite ( Fig. 1b; Liu et al., 2011) . Melts derived from a phlogopite-bearing source are expected to have significantly higher Rb/Sr and lower Ba/Rb values than those derived from hornblende-bearing sources (Green, 1994; Foley et al., 1996) . The Zhunuo ultrapotassic lamprophyres have high Rb/Sr and low Ba/Rb ratios (Fig. 16 ), suggesting they formed through the melting of a phlogopite-bearing source.
Neo-Tethyan oceanic lithosphere was subducted beneath the Lhasa Terrane during the MesozoicPaleocene, and the Lhasa Terrane was subsequently affected by the collision of India and Asia at ca. 53 Ma (e.g. Chu et al., 2006 Chu et al., , 2011 Zhu et al., 2015) . It is likely, therefore, that metasomatism of the mantle was either related to the subduction of the Tethyan oceanic lithosphere or affected by the subducting Indian continental lithosphere. Previous studies have shown that the mantle sources of the UPVR in southern Tibet were metasomatized by either Tethyan oceanic component Tommasini et al., 2010; Liu et al., 2014a) or the Indian continental materials (Mahé o et al., 2002; Zhao et al., 2009; Guo et al., 2013) .
Continental crust components such as mature sands generally have high abundances of zircon and thus have super-chondritic Hf/Sm ratios, whereas pelagic sediments and marine pelites, which contain relatively few zircons, are characterized by much lower Hf/Sm ratios because zircon is Hf-enriched and LREE-depleted (Hoskin and Schaltegger, 2003; Prelevi c et al., 2012) . The very low Hf/Sm ratios of the ultrapotassic lamprophyre samples, therefore, may imply that zircon-poor oceanic sediments may play an important role in the metasomatism of their mantle source region and that these sediments are likely transferred to the mantle during Neo-Tethyan seafloor subduction (Fig. 17a) . Some potassic lamprophyre samples have Hf/Sm ratios above the chondritic value for Hf/Sm (0Á69), which may be due to interaction of the ultrapotassic magmas with adakitelike magmas as discussed above. This inference is also consistent with observation that those potassic lamprophyre samples with high Hf/Sm ratios also have high Sr/Y ratios (24-49) and plot within or close to field of adakite-like intrusions on diagrams of Zr/Hf vs Hf/Sm and Sr/Y vs Hf/Sm (Fig. 17) . Generally, oceanic sediments, such as hydrogeneous sediments (e.g. Fe-Mn crusts and nodules), deepsea clays and biogenic sediments, and terrigeneous sediments such as sands, have higher e Hf (t) at a given e Nd (t) than upper continental crustal sediments which might contain a higher proportion of zircon-rich coarse sands and are characterized by higher Hf contents and lower Lu/Hf ratios. Thus, oceanic sediments generally lie on or above the terrestrial array, whereas continental, zircon-rich, detrital materials lie below the terrestrial array (Chauvel et al., 2008; Vervoort et al., 2011; Fig. 18 ). In the zircon e Hf (t) versus bulk-rock e Nd (t) plot (Fig. 18) , data for the most primitive lamprophyre (PM11-145) plot close to the field of Fe-Mn crusts and nodules, and the field of deep-sea clays and biogenic sediments, indicating that the mantle source of the Zhunuo ultrapotassic lamprophyres was mainly metasomatized by zircon-poor oceanic sediments. In addition, the Sr-Nd isotope compositions of the ultrapotassic lamprophyres range between those of depleted mantle and oceanic sediments (Fig. 19) , consistent with inference that the lithospheric mantle source of the Zhunuo lamprophyres were metasomatized by previously subducted NeoTethyan oceanic sediments.
Two zircon xenocrysts from the Zhunuo ultrapotassic lamprophyres have U-Pb ages of 64 Ma and 72 Ma and e Hf (t) values of 4Á7 and 5Á3, respectively, which are similar to those of magmatic zircons from the late Cretaceous Gangdese batholiths in the southern Lhasa subterrane (Wen et al., 2008) . These batholiths were derived from partial melting of the metasomatized mantle wedge due to northward subduction of the NeoTethyan oceanic lithosphere (Chung et al., 2005; Wen et al., 2008; Ji et al., 2009; Chu et al., 2011) . This implies that mantle in the Zhunuo area was once metasomatized by subducted Neo-Tethyan oceanic components during late Cretaceous.
It should be noted that the Zhunuo ultrapotassic lamprophyres also have higher 207 Pb/ 204 Pb ratios than global oceanic sediments and plot within the field of Himalayan basement (Fig. 20) , indicating that the mantle source of the Zhunuo lamprophyres was also likely metasomatized by Indian continental sediments. This is also consistent with the high oxygen isotope values of zircons from the ultrapotassic lamprophyres, which would likely be due to metasomatism by fluids or melts from subducting Indian continent sediments. In summary, the Zhunuo lamprophyres are ultrapotassic to potassic. Their peridotite source was metasomatized by fluids and sediment-derived melts related to Neo-Tethyan oceanic subduction prior to India-Asia continental collision and subsequent Indian continental subduction to form a phlogopite-bearing peridotite mantle source. Partial melting of this metasomatized mantle resulted in the generation of ultrapotassic lamprophyres. Mixing of ultrapotassic lamprophyre magma (Woodhead et al., 2001; Zhao et al., 2009) . Other data sources: partial melts of ancient Lhasa basement (Zhu et al., 2012) ; upper, middle and lower crust (Rudnick & Gao, 2003) . Fig. 16 . Variation of Rb/Sr vs Ba/Rb for the ultrapotassic lamprophyre and high-Mg diorites represented by enclaves and diorite porphyry at Zhunuo, illustrating potassium-rich phases in the mantle source. PM represents the primitive mantle values of Sun & McDonough (1989) . The field of continental lithospheric mantle (CLM; Furman & Graham, 1999) is shown for comparison along with qualitative arrows giving the expected compositional variations due to amphibole versus phlogopite mantle metasomatism, respectively.
with adakite-like magma during magma ascent led to the formation of potassic lamprophyres at Zhunuo.
Petrogenesis of high-Mg diorites forming enclaves and the diorite porphyry at Zhunuo Are enclaves and diorites high-Mg diorites?
Rocks of high-Mg diorite (or sanukitoid) worldwide range in composition from diorite to granodiorite and are characterized by high Mg#>40 and high abundances of Cr, Ni and LILE contents compared with typical diorites. At about 60 wt % SiO 2 , high-Mg diorites generally have Mg# $60, Cr $200 ppm and Ni $100 ppm (Smithies & Champion, 2000) . The major element geochemistry of high-Mg diorites resembles that of the Miocene high-Mg andesites which generally have 55 to 65 wt % SiO 2 and Mg#>45 (Tatsumi & Ishizaka, 1982; Yogodzinski et al., 1995; Kelemen et al., 2003a) , and late Archean monzodiorites and trachyandesites (sanukitoids) (Shirey & Hanson, 1984; Stern et al., 1989) . Recently, Lee & Bachmann (2014) provided a criterion of Mg# >¼ 0Á00294SiO 2 2 -0Á3697SiO 2 þ 11Á953 (for 55< SiO 2 <65 wt %) to differentiate high Mg andesites from normal andesites. The Zhunuo enclaves and diorite porphyry have high Mg# values and high concentrations of MgO, Cr and Ni overlapping high-Mg diorites (Fig. 12) . In addition, the Zhunuo enclaves and diorite porphyry agree well with Lee & Bachmann's (2014) criterion for identifying high-Mg dioritic rocks. Thus, we argue that the Zhunuo enclaves and diorite porphyry belong to the group of high-Mg diorites.
High-Mg diorites have been proposed to be derived from upper mantle peridotite sources that had previously been metasomatized by slab melts (Smithies & Champion, 2000; Polat & Kerrich, 2001) or adakite-like magmas derived from partial melting of delaminated lower continental crust Whalen et al., 2004; Huang et al., 2008; Xu et al., 2008) , or from basaltic magmas mixing with siliceous crustal melts (Chen et al., 2013) . Therefore, it is reasonable to assume a mantle origin for the Zhunuo high-Mg diorites which comprise the enclaves and the diorite porphyry.
Fractional crystallization and crustal contamination
The Zhunuo enclaves and diorite porphyry show variations in SiO 2 , MgO and Mg#. There are broad correlations between SiO 2 and various major and trace elements that suggest fractional crystallization during magmatic evolution (Fig. 12) . The MgO, Al 2 O 3 , and Cr contents of the Zhunuo enclaves and diorite porphyry are negatively correlated with SiO 2 , which is characteristic of olivine and clinopyroxene fractional crystallization. Plagioclase was not an important fractionating phase given the positive correlation between Eu/Eu* and SiO 2 (Fig. 12l) . The negative correlations between 18 . Variation of zircon e Hf(t) vs bulk-rock e Nd(t) for the primitive ultrapotassic lamprophyre (PM11-145), primitive enclave (ZN005-410Á8), diorite porphyry, monzogranite and monzogranite porphyry at Zhunuo. The zircon e Hf(t) values of all rocks are from Tables 2 and 3, the bulk-rock e Nd(t) values of the latter three types of rock are mean values based on the data shown in Table 5 . Oceanic sediments including Fe-Mn crusts and nodules, deep-sea clays and biogenic sediments, and sands, Himalayan continental sediments, the seawater array, and terrestrial array are from Chauvel et al. (2008) and Vervoort et al. (2011) . P 2 O 5 , TiO 2 and SiO 2 indicate that accessory minerals such as apatite and Fe-Ti oxides have been fractionated (Fig. 12) . The negative correlations between Yb, Dy/Yb and SiO 2 and positive correlation between Sr/Y and SiO 2 are indicative of hornblende and, or, titanite fractionation (Fig. 21) . Therefore, fractional crystallization plays an important role in the differentiation of the Zhunuo enclaves and the diorite porphyry.
Unlike lamprophyres, the Zhunuo high-Mg diorites contain few ancient inherited zircons. In addition, the ( 87 Sr/ 86 Sr) i ratios (0Á709401-0Á710362) of the Zhunuo high-Mg diorites are much lower than those of ancient Lhasa basement (Fig. 14b) . Furthermore, they have a high content of incompatible elements (Fig. 11) , which cannot be explained by crustal contamination (Fig. 15) . Thus, crustal contamination from ancient Lhasa basement in the generation of the Zhunuo high-Mg diorites is considered negligible.
Adakite-like geochemical signatures of the Zhunuo high-Mg diorites is controlled mainly by fractional crystallization
Samples of Zhunuo enclaves and the diorite porphyry have low Y and Yb concentrations and high La/Yb ratios, causing them to plot within the adakite-like field on a La/Yb vs Yb diagram. However, only the most evolved samples plot in the adakite-like field on a Sr/Y vs Y diagram (Fig. 21a, b) . The adakite-like signatures of the Zhunuo high-Mg diorites cannot be attributed to partial melting of delaminated lower continental crust followed by interaction with mantle peridotite during magma ascent (e.g. (Yang et al., 2016 and references therein) and Mesozoic Gangdese arc magmatic rocks (Qu et al., 2007; Zhu et al., 2008; Wen et al., 2008) from southern Tibet are also shown for comparison. Other data sources include: Yarlung Zangbo ophiolite, i.e. depleted mantle (Xu & Castillo, 2004; Zhang et al., 2005) , ancient lower crust in Tibet (Miller et al., 1999) , global oceanic sediments (Plank & Langmuir, 1998) , and Himalayan basement . The solid curve with tick marks that denote the percentage of ancient lower crust represents a magma mixing line between MORB-source mantle and partial melt derived from the Tibetan ancient lower crust. The compositions of end-members for the mixing calculation are: (1) Yarlung-Tsangpo MORB: ( 87 Sr/ 86 Sr) i ¼ 0Á704087, Sr ¼ 168 ppm, e Ndi ¼ 8Á84, and Nd ¼ 6Á68 ppm (averages based on Castillo, 2004 and Zhang et al., 2005) ; and (2) Lower crust in Tibet: ( 87 Sr/ 86 Sr) i ¼ 0Á71, Sr ¼ 300 ppm, e Ndi ¼ -22Á2, and Nd ¼ 26 ppm (Miller et al., 1999) . Initial ( 87 Sr/ 86 Sr) i and e Nd (t) of the plotted data are corrected to an age of 15 Ma. Mesozoic arc magmatic rocks and Miocene post-collisional ore-related adakite-like intrusions from the eastern Gangdese belt and the Zhunuo adakite-like intrusions plot on, or close to, the mixing line. The Zhunuo lamprophyre data overlap literature data for post-collisional ultrapotassic volcanic rocks from southern Tibet and global oceanic sediments.
2004; Huang et al., 2008; Xu et al., 2008) or interaction of slab-derived melts with mantle peridotite (e.g. Kelemen, 1995; Yogodzinski et al., 1995; Kelemen et al., 2003a) because these processes should have resulted in adakite-like signatures for all the Zhunuo high-Mg diorite samples.
Emplacement of the Miocene high-Mg diorites at Zhunuo postdates the closure of the Neo-Tethyan ocean, and subsequent Indo-Asian continental collision at ca. 55-50 Ma (Replumaz et al., 2010; Zhu et al., 2015) , by $40 Ma. In addition, only the most evolved high-Mg diorite samples plot in the adakite-like field on a Sr/Y vs Y diagram (Fig. 21a, b) . These observations indicate that it is unlikely that the Zhunuo high-Mg diorites were derived from slab-derived melts interacting with mantle peridotite.
Cretaceous slab-derived adakites have been recognized in the southern part of the Lhasa Terrane and it has been suggested they are the products of the northwards subduction of the Neo-Tethyan oceanic crust at a steep angle beneath the Lhasa Terrane, because these rocks occur close to the IYZSZ (e.g. only $3 km north of the IYZSZ in the case of the Mamen adakite; Zhu et al., 2009) . Thus, it is unlikely that the mantle beneath the Gangdese porphyry copper belt (which occurs 40-50 km to the north of the IYZSZ) was metasomatized by such slab melts at that time. In addition, no Mesozoic slab-derived adakites related to subduction of the Neo-Tethyan ocean slab have been found in the Gangdese Miocene porphyry copper belt. Therefore, although partial melting of uppermantle peridotites that had previously been metasomatized by slab melts could form high-Mg diorites (Smithies & Champion, 2000; Polat & Kerrich, 2001) , it cannot explain the origin of the Zhunuo high-Mg diorites.
It has been demonstrated that adakite-like geochemical signatures can be generated by fractional crystallization of a hornblende-dominated or garnet-bearing assemblage, and that such signatures do not reflect source processes (Castillo et al., 1999; Macpherson et al., 2006; Richards & Kerrich, 2007) . With differentiation and increasing SiO 2 content, the Zhunuo high-Mg diorites display decreasing trends in Yb, Dy/Yb, and increasing trends in Sr, Sr/Y, and Eu/Eu* (Figs 12l and  21) , which are consistent with hornblende and/or titanite fractionation from a mantle-derived hydrous magma and suppression of plagioclase on the liquidus (Richards & Kerrich, 2007) . Thus, the adakite-like signatures of the Zhunuo high-Mg diorites could be interpreted in terms of crustal-level fractionation of hornblende and, or, titanite from mantle-derived hydrous high-Mg dioritic magmas.
Nature of mantle source region for the Zhunuo high-Mg diorites
The mantle-derived enclaves and diorite porphyry have low zircon Hf isotope compositions, indicative of an enriched mantle source for these rocks. They contain abundant Miocene inherited zircons which show similar Hf isotopes to the coeval magmatic zircons from the adakite-like intrusions (Fig. 8) , indicative of interaction between high-Mg dioritic magma and adakite-like magma. In addition, the Zhunuo enclaves display disequilibrium petrographic characteristics, such as resorption and sieve-textured hornblende phenocrysts, which are indicative of magma mixing ( Fig. 4c ; Streck et al., 2007; Chen et al., 2013; Yang et al., 2015) . The plagioclase, quartz, and biotite phenocrysts in the Zhunuo diorites (Fig. 4j-l) are likely products of mixing and/or mingling of primitive high-Mg dioritic magmas with adakite-like magmas during magma ascent. Thus, the bulk-rock Sr-Nd-Pb isotope compositions of the Zhunuo high-Mg diorites are likely affected by both their mantle source and the involvement of adakite-like magmas. Since the Sr-Nd isotope compositions of the Pb for the Zhunuo lamprophyre, enclave, diorite porphyry, monzogranite and monzogranite porphyry. Data for post-collisional ultrapotassic rocks and adakite-like intrusions from southern Tibet (Yang et al., 2016 and references therein) , global oceanic sediments (Plank & Langmuir, 1998) , Himalayan basement (Vidal et al., 1982; Gö pel et al., 1984) , Yarlung Zangbo ophiolite and Lhasa basement (Liu et al., 2014a) are also shown for comparison. Enriched mantle components (EM I and EM II) are from Zindler & Hart (1986) . Symbols are as shown in Figure 19. adakite-like intrusions are more depleted than those of the high-Mg diorites (Fig. 19) Among the Zhunuo high-Mg diorites, enclave sample ZN005-410Á8 is relatively primitive with the lowest content of SiO 2 (58Á9 wt %), the lowest e Nd (t) value (-11Á1) and high contents of MgO (5Á0 wt %) and Cr (248 ppm). In addition, sample ZN005-410Á8 has a lower K 2 O content than the adakite-like intrusions at Zhunuo ( Fig. 10b ; Table 4 ), indicating that it was not formed by mixing of an ultrapotassic lamprophyre magma with an adakite-like melt and may represent a near-primary melt of metasomatized mantle.
The Nb/U (0Á9) and Ce/Pb (4Á5) ratios of the most primitive high-Mg diorite sample (ZN005-410Á8) are significantly lower than those of MORB and OIB, which have uniform Nb/U and Ce/Pb ratios of $47 and $25 (Hofmann, 2003) , and lower than those of the crust (Nb/ U ¼ 4Á4-12Á6; Rudnick & Gao, 2003) . In addition, the Zhunuo high-Mg diorites show strong positive Pb spikes in normalized trace element patterns, depletion in HFSE relative to neighboring elements (e.g. Nb-Ta) and Ti anomalies ( Fig. 11 ; Conticelli et al., 2009; Hofmann, 2003) . These features indicate a metasomatized mantle source influenced by subduction.
In a plot of Th/Yb vs Ba/La (Fig. 15a) , the Zhunuo high-Mg diorites display elevated Th/Yb. Th is immobile in fluids and is more incompatible than Yb during partial melting under subduction zone conditions (Woodhead et al., 2001) . Thus, the large Th/Yb variation of the Zhunuo high-Mg diorites reflects the presence of sediment-derived melts in the mantle source. The ratio of the fluid-mobile element Ba to fluid-immobile La can be used to constrain the involvement of subduction fluids because the Ba/La ratio is insignificantly fractionated during partial melting (Woodhead et al., 2001) . The slightly variable Ba/La ratios and high contents of Ba in the Zhunuo high-Mg diorites may imply fluids also play role in the enrichment of the mantle source region. The negative Eu anomalies of the most primitive sample should be inherited from a mantle source metasomatized by recycled sediments ( Fig. 12l ; Conticelli et al., 2009) .
In a zircon e Hf (t) versus bulk-rock e Nd (t) diagram (Fig. 18) , the most primitive high-Mg diorite sample (ZN005-410Á8) plots within the fields of Fe-Mn crusts and nodules, and of deep-sea clays and biogenic sediments, indicating that the mantle source of the Zhunuo high-Mg diorites was likely metasomatized by zirconpoor oceanic sediments. In addition, the ( 87 Sr/ 86 Sr) i , e Nd (t) and Pb isotope compositions of sample ZN005-410Á8 range between those of depleted mantle and oceanic sediments (Figs 19 and 20) , consistent with inference that the mantle source of the Zhunuo high-Mg diorites was metasomatized by a component derived from oceanic sediments. In summary, we argue that the Zhunuo primitive high-Mg dioritic rocks were derived from an enriched mantle source that was metasomatized by sedimentderived melts and fluids during previous Tethyan oceanic subduction. Mixing with adakite-like magmas and fractional crystallization of hornblende and, or, titanite are responsible for the formation of the more differentiated Zhunuo high-Mg diorites.
The less radiogenic Sr-Pb and nore radiogenic Nd isotope compositions (Fig. 14) , and lower contents of K 2 O (Fig. 10b) and incompatible elements (e.g. Ba, Th, Pb, and La; Fig. 12 ) of the most primitive high-Mg diorite (sample ZN005-410Á8) compared to those of the most primitive lamprophyre (sample PM11-145) at Zhunuo indicates that mantle source region for the high-Mg diorites is different from that of the lamprophyres. As discussed above, the mantle source of the Zhunuo lamprophyres appears to have been metasomatized by Indian continental materials which are characterized by significantly more radiogenic Sr and Pb and unradiogenic Nd isotope compositions (Figs 19 and 20) . Thus, the Sr-Nd-Pb isotopic characteristics of the Zhunuo lamprophyres and high-Mg diorites (Figs 19 and 20) lead us to argue that the Zhunuo high-Mg diorites could have been derived from previously subduction-modified Tibetan lithospheric mantle with little to no Indian continental sediment involvement, whereas the lamprophyres have been derived from subduction-modified Tibetan lithospheric mantle with more involvement of Indian continental sediment. Given that the Zhunuo high-Mg diorites and lamprophyres are co-spatial and derived from the lithospheric mantle, the mantle sources beneath the Zhunuo area must be heterogeneous and are likely different in the vertical dimension (Fig. 22) .
Petrogenesis of adakite-like intrusions at Zhunuo
The Zhunuo monzogranite and monzogranite porphyry have adakite-like geochemical signatures, characterized by high contents of SiO 2 , low contents of MgO and compatible trace elements, and high Sr/Y and La/Yb ratios (Fig. 21) . The adakite-like signatures, enrichment in LILE, depletion in HFSE, and negative Ta-Nb anomalies are consistent with partial melting of a subductionmodified, eclogitized Tibetan lower crust (e.g. Chung et al., 2003 Chung et al., , 2009 Hou et al., 2004 Hou et al., , 2013 Hou et al., , 2015a Guo et al., 2007; Li et al., 2011; Wu et al., 2014; Wang et al., 2015; Yang et al., 2016) . Their Sr-Nd isotope compositions are close to a two-component mixing array between MORB and ancient Tibetan lower crust (Fig. 19) . On a plot of e Hf (t) versus zircon U-Pb age (Fig. 8) , the zircon Hf isotope compositions of the Zhunuo adakite-like intrusions plot within the inferred evolution trend of the Gangdese Mesozoic arc magmatic rocks representing subduction-modified mafic lower crust. These observations are consistent with derivation of the Zhunuo adakite-like intrusions by remelting of the subductionmodified, eclogitized Tibetan lower crust.
However, magmas derived from or equilibrated with garnet-bearing lower crust would be dry and barren (Kay & Mpodozis, 2001; Rohrlach & Loucks, 2005; Loucks, 2014) . Lu et al. (2015a) also argued that dehydration melting of mafic lower crust would not produce adakite-like magmas with the high H 2 O contents (>10 wt %) and high Mg# (>50) of the Miocene Cuporphyries in the eastern Gangdese belt, since partial melting of mafic lower crust alone can only produce melts with Mg# <50. The high Mg# of Cu-porphyries such as the Zhunuo monzogranite porphyry with Mg# > 50 suggests input of more mafic melts (Fig. 12b) . The syn-mineralization, mantle-derived, high-Mg dioritic magmas are hydrous, which is inferred from positive correlations between Sr/Y, Sr, Eu/Eu* and SiO 2 , and negative correlations between Dy/Yb, Yb and SiO 2 for the Zhunuo enclaves and diorite porphyry that are indicative of early hornblende fractionation and suppression of plagioclase crystallization in hydrous magmas (Figs 12l and 21; Loucks, 2014) . The Zhunuo adakite-like intrusions plot on the differentiation trend of the hydrous high-Mg diorites (Figs 12 and 21) , and have similar zircon Hf isotope compositions to the Zhunuo high-Mg diorites (Fig. 8) . Thus, we infer that high-Mg dioritic magmas likely provide a contribution for the formation of the adakite-like intrusions at Zhunuo.
Water solubility in mafic ultrapotassic magmas is rather high (e.g. $12 wt % at 1200 C and 500 MPa, corresponding to 20 km depth; Behrens et al., 2009) . Tatsumi (1982) demonstrated that HMA magmas in the Setouchi volcanic belt with a depth of generation of about 30 km contain $7 wt % water. In addition, water solubility increases with increasing pressure (Behrens et al., 2009) . Therefore, even the most hydrous magmas such as lamprophyres (Carmichael et al., 1996; Maria and Luhr, 2008) will not expel water directly into the Tibetan lower crust ($60 km; Gao et al., 2016) . Thus, it is unlikely that the Zhunuo high-Mg dioritic magma will release water directly in the Tibetan lower crust MASH (melting, assimilation, storage, homogenization; Hildreth & Moorbath (1988) ) zone and trigger fluid-fluxed melting of the lower crust. The Zhunuo adakite-like intrusions were likely formed by remelting of the subductionmodified, eclogitized Tibetan lower crust and mixing with hydrous high-Mg dioritic magma in a lower crustal MASH zone. Additionally, upper-crustal differentiation of the Zhunuo high-Mg dioritic magma would also increase the water content; thus H 2 O would be expected to be built up during intracrustal differentiation (e.g. Rohrlach & Loucks, 2005; Chiaradia et al., 2009 Chiaradia et al., , 2012 Loucks, 2014) . The injection of the high-Mg dioritic magma into the upper-crustal adakite-like magma Fig. 22 . Cartoon cross section illustrating the proposed petrogenesis of the Miocene ultrapotassic-potassic lamprophyres, high-Mg diorites, represented by enclaves and diorite porphyry, and adakite-like intrusions of monzogranite and monzogranite porphyry at Zhunuo and other porphyry copper deposits in the Gangdese belt, southern Tibet. The ultrapotassic lamprophyres were derived from partial melting of an enriched mantle source that had been metasomatized by fluids and sediment-derived melts related to Neo-Tethyan oceanic subduction and subsequent Indian continental subduction. Mixing of ultrapotassic lamprophyre magmas with adakite-like magmas derived from previously subduction-modified Tibetan lower crust led to the formation of potassic lamprophyres. The high-Mg diorites were derived from the previously subduction-modified Tibetan lithospheric mantle with little to no input of Indian continental materials. The adakite-like intrusions were derived from remelting of previously subduction-modified Tibetan lower crust associated with the intrusion of hydrous, high-Mg dioritic magmas during magma mixing in the lower crustal MASH zones and/or upper crustal adakite-like magma chambers. SCLM, subcontinental lithospheric mantle. MASH, melting-assimilation-storage-homogenization (Hildreth & Moorbath, 1988) . chamber would also result in H 2 O transfer from the high-Mg dioritic magma to the adakite-like magma, owing to the large decrease in H 2 O solubility in the high-Mg dioritic magma upon its ascent (e.g. Weinberg & Hasalová , 2015; Collins et al., 2016) . Both processes would increase the water content of the adakite-like intrusions and facilitate porphyry Cu mineralization (Fig. 22) .
Implications for origin of adakite-like granitic rocks and associated porphyry Cu mineralization in the Gangdese belt Previous studies (e.g. Chung et al., 2003 Chung et al., , 2009 Hou et al., 2004 Hou et al., , 2013 Hou et al., , 2015a Guo et al., 2007; Li et al., 2011; Wu et al., 2014; Wang et al., 2015; Yang et al., 2016) have proposed that partial melting of subductionmodified, eclogitized Tibetan lower crust could have produced a silicic magma with an adakite-like signature (e.g. high Sr/Y and La/Yb, and low Y and Yb). In contrast, Lu et al. (2015a) argued that dehydration melting of basaltic amphibolites would not generate silicic melts as hydrous as the Gangdese Cu-forming magmas. Based on evidence that some adakite-like intrusions have similar whole-rock Sr-Nd-Pb and zircon Hf isotope compositions to the mafic enclaves which they host and show negative trends between Dy/Yb and SiO 2 , indicative of hornblende fractionation and hydrous magmas, they suggested that the Gangdese Miocene Cu-forming adakite-like intrusions were generated through highpressure open-system differentiation of mantle-derived hydrous mafic parental magmas represented by the enclaves. However, Yang et al. (2015) argued that mantle-derived ultrapotassic magmas, represented by the ultrapotassic volcanic rocks, were underplated beneath the thickened juvenile Tibetan lower crust, resulting in fluid-fluxed melting of the lower crust and the generation of ore-forming adakite-like magmas in the Qulong deposit. Recently, they further proposed that underplating of these ultrapotassic and/or alkaline mafic magmas, rising from their mantle source area (>80 km) into the lower part ($60-70 km) of the lower crust, together with direct input of fluid liberated from the subducting Indian continental plate, resulted in fluid-fluxed melting of the Tibetan lower crust, generating H 2 O-rich adakite-like magmas in the eastern Gangdese belt. However, ultrapotassic rocks have not been recognized in the Qulong deposit. In addition, although ultrapotassic rocks occur in some porphyry copper deposits in the Gangdese belt, they generally post-date the emplacement of ore-related adakite-like intrusions and are post-mineralization, such as those in the Bairong deposit (ultrapotassic minettes with zircon U-Pb age of 11Á8 6 0Á2 Ma, Xu et al., 2017 ; ore-related adakite-like rocks with zircon U-Pb age of 14Á8 6 0Á5 Ma and 14Á2 6 0Á9 Ma, Li et al., 2011 ) and the Zhunuo deposit (ultrapotassic lamprophyres with zircon U-Pb age of 12Á2 6 0Á1 Ma and ore-related adakite-like intrusions with a zircon U-Pb age of 14Á6 6 0Á2 Ma from this study; molybdenite Re-Os age of 13Á92 6 0Á08, Zheng et al., 2007) in the Gangdese belt. Thus, it is unlikely that ultrapotassic magmas are directly related to the formation of adakite-like intrusions and porphyry copper mineralization in the Gangdese belt.
Our new data indicate that the Zhunuo high-Mg diorites are syn-mineralization and have a genetic association with ore-forming adakite-like intrusions. Based on the following lines of evidence, we infer that remelting of subduction-modified, eclogitized Tibetan lower crust, and mixing between hydrous high-Mg dioritic magmas and lower crust derived magmas in a lower crustal MASH zone and/or upper crustal magma chamber lead to the formation of ore-forming adakite-like intrusions in the Gangdese belt.
1. High-Mg diorites represented by diorite dykes and enclaves hosted by ore-forming adakite-like intrusions are coeval with porphyry copper mineralization (Yang 2008; Wu et al., 2014) and occur in all porphyry copper deposits in the Gangdese belt. 2. As emphasized by Lu et al. (2015a) , the Qulong mafic enclaves , show similar bulk-rock Sr-Nd-Pb and zircon Hf isotope compositions to the Qulong adakite-like porphyries. In addition, the Dabu enclaves also show similar zircon Hf isotope compositions to the adakite-like porphyries (Wu et al., 2014) . Taken together with our observation that the Zhunuo high-Mg diorites have similar zircon Hf isotope compositions to the adakite-like intrusions, we infer that the parental magmas of these high-Mg diorites have a genetic association with the ore-forming adakite-like intrusions. However, some high-Mg diorites also have higher ( 87 Sr/ 86 Sr) i and lower e Nd (t) than the adakite-like intrusions, such as those in the Qulong and Zhunuo deposits. Our data show that this feature is likely due to mixing of subduction-modified lower crustal magmas with mantle-derived high-Mg dioritic magmas which generally have more radiogenic Sr and less radiogenic Nd isotope compositions than the lower crustal magmas. Thus, the high-Mg diorites in the Gangdese belt would have higher ( 87 Sr/ 86 Sr) i and initial Pb and lower e Nd (t) isotopic compositions than, or similar Sr-Nd-Pb isotope compositions to, the subduction-modified lower crustal magmas depending on the degree of magma mixing of two endmembers and their source compositions. 3. Ore-forming adakite-like granitic rocks in the eastern Gangdese porphyry copper deposits (e.g. Qulong, Jiama, Dabu, Chongjiang, Tinggong; Fig. 1 ) show negative trends between Dy/Yb and SiO 2 ; these features have been suggested to be indicative of differentiation of hydrous parental mafic magmas . However, no data for mafic, mantlederived rocks were shown in these trends . As shown in Figure 21 , the negative trends between Y, Dy/Yb and SiO 2 , and positive trends between Sr, Sr/Y and SiO 2 for the Zhunuo high-Mg diorites and adakite-like intrusions indicate that the former can differentiate to generate the latter. There is no obvious trend within the Zhunuo adakite-like intrusions themselves because they were already highly siliceous before hornblende fractionated, as seen in the high-Mg diorites (Fig. 21) . Yang et al. (2016) pointed out that the Sr/Y ratios of all Gangdese adakite-like intrusions do not show any systematic change with SiO 2 content and proposed that the adakite-like features of these rocks were inherited from the magma source, rather than achieved during magmatic evolution. However, it should be noted that such a trend should only be considered within individual igneous complexes, rather than for regional data, as there are too many other factors involved, such as magma source heterogeneity and different degrees of wall-rock assimilation. 4. The concentrations of REE (e.g. La), LILE (e.g. Ba, Th, Pb) and HFSE (e.g. Nb, Ta) of the Gangdese adakitelike intrusions are lower than those of the ultrapotassic rocks and high-Mg diorites (Yang et al., , 2016 , suggesting that the adakite-like intrusions could not have been produced by fractional crystallization of ultrapotassic or high-Mg dioritic magmas as such process would produce magmas with a higher REE, LILE and HFSE contents (Yang et al., 2016) . However, it should be noted that monazite fractionation will decrease the REE and Th contents of the melt (Stepanov et al., 2012) . In addition, magma mixing between a primitive high-Mg diorite with higher trace element contents and a lower crustal magma with lower trace element contents could easily produce hybrid magmas with intermediate trace element contents, since the enriched mantle-derived magmas are much more enriched in REE and other trace elements than pure lower crustal magmas (Fig. 11 ). This could explain the chondrite-normalized REE and primitive-mantlenormalized trace element patterns of the Gangdese adakite-like intrusions and high-Mg diorites (Fig. 11) .
In summary, partial melting of eclogitized lower crust alone cannot produce the post-collisional porphyry copper magmas in southern Tibet and additional water needs to be added (e.g. Lu et al., 2015a; Yang et al., 2015 Yang et al., , 2016 . Richards (2009 Richards ( , 2011 also suggested that remelting of previously subduction-modified lithosphere (including lower crust and subcontinental lithospheric mantle) leads to postcollisional magmas. We argue that partial melting of subduction-modified arc lithospheric mantle during previous Tethyan oceanic subduction led to the formation of high-Mg dioritic magmas; minor amounts of these hydrous magmas erupt at the surface to form high-Mg diorites or occur as enclaves hosted by coeval granitic rocks, whereas a significant proportion of similar magmas would likely underplate at the base of the lower crust in a MASH zone and mix with partial melts of subduction-modified lower crust, leading to formation of hydrous hybrid magmas which emplaced to form adakite-like granitic rocks (Fig. 22) . Recently, MASH processes have also been recognized in some collisional zones. Schwindinger & Weinberg (2017) argued that the felsic magmas, formed during the $500 Ma Delamerian Orogeny on the south coast of Kangaroo Island, were the products of crustal and felsic melting-assimilationstorage-homogenization (felsic MASH) processes. Based on studies of felsic granulite xenoliths entrained in Miocene ($13 Ma) mantle-derived ultrapotassic volcanic rocks in the Gangdese belt of southern Tibet, Wang et al. (2016) proposed open-system melting and mixing of ultrapotassic magmas and lower crustal magmas in the lower crust. This indicates that a lower crustal MASH zone likely operated beneath the Gangdese belt. In addition, the high-Mg dioritic magmas would expel water into the upper crustal adakite-like magma due to the large decrease in H 2 O solubility upon ascent (e.g. Weinberg & Hasalová , 2015; Collins et al., 2016) . The injection of the high-Mg dioritic magma into the upper-crustal adakite-like magma chamber would also increase the water content of adakite-like intrusions in the Gangdese belt (Fig. 22 ).
An obvious feature of the Gangdese post-collisional adakite-like intrusions is that they show highly variable bulk-rock Sr-Nd and zircon Hf isotope compositions spatially (Fig. 23) . The Oligo-Miocene adakite-like intrusions related to porphyry copper deposits in the eastern Gangdese belt (east of $89 o E) generally have relatively lower (   87   Sr/ 86 Sr) i , higher e Nd (t) and higher e Hf (t) compared to those in the western Gangdese belt (west of $89 o E). Wang et al. (2015) argued that the OligoMiocene ore-forming adakite-like intrusions in the eastern Gangdese belt were derived from partial melting of subduction-modified lower crust and mixing of alkaline melts from metasomatized subcontinental lithospheric mantle, whereas the Miocene adakite-like intrusions in the western Gangdese belt were induced by partial melting of subduction-modified Tibetan lower crust with involvement of melts and/or fluids from the Indian plate. Thus, they suggested that the Indian plate did not extend to the eastern Lhasa Terrane by the Miocene and provided no input for the formation of ore-forming adakite-like intrusions in the eastern Gangdese belt . However, Yang et al. (2016) proposed that the adakite-like intrusions in the whole Gangdese belt share the same petrogenesis and their highly variable bulk-rock Sr-Nd and zircon Hf isotope compositions were attributed to mixing between subduction-modified lower crust-derived melts that have relatively depleted Sr-Nd-Hf isotope compositions and ultrapotassic/alkaline melts that have extremely enriched Sr-Nd-Hf isotope compositions (Guo et al., 2007; Yang et al., 2016) . They further suggested that water for the Gangdese porphyry copper mineralization was likely sourced from ultrapotassic magmas or directly released from the subducting Indian continental plate due to devolatilization of hydrous minerals in the upper crust of the Indian plate under hot subduction conditions (Yang et al., 2016) .
In our model, remelting of subduction-modified arc lower crust with input of high-Mg dioritic melts that were derived from subduction-modified lithospheric mantle is responsible for the formation of the post-collisional adakite-like intrusions in the Gangdese belt. Thus, the isotope compositions of the Gangdese adakite-like intrusions are controlled by the compositions of the subduction-modified Tibetan lower crust and the metasomatized mantle sources of the high-Mg diorites. The subduction-modified Tibetan lower crust in the eastern Gangdese belt is generally more juvenile than that in the western Gangdese belt because Mesozoic arc magmatic rocks with depleted mantle isotope compositions occur widely in the eastern belt but are rare in the western belt Sr) i and higher e Nd (t) than the Zhunuo highMg diorites (Fig. 19) , which may indicate that the mantle sources of high-Mg diorites in the eastern Gangdese belt are more depleted than those in the western Gangdese belt. Both factors will lead to postcollisional adakite-like intrusions in the eastern Gangdese belt having relatively less radiogenic Sr and Pb and more radiogenic Nd and zircon Hf isotope compositions than those in the western Gangdese belt (Fig. 23) . Thus, we favor the idea that the adakite-like intrusions in the whole Gangdese belt share the same petrogenesis and that their highly variable bulk-rock Sr-Nd-Pb and zircon Hf isotope compositions can be attributed to heterogeneous subduction-modified Tibetan lower crust and the enriched mantle sources of the high-Mg diorites.
Although no examples of large sulfide accumulations in lower crustal arc magmatic systems have been reported, small amounts of sulfide minerals have been recognized in lithospheric mantle xenoliths, such as those beneath the Carpathian-Pannonian Region (Szabó et al., 2004) , and in arc cumulate sequences, such as those from the Talkeetna arc in Alaska and the Bonanza arc in Canada (Richards, 2011) , the Nevada arc in eastern California (Lee et al., 2012) , and the arc at the southern margin of the Qilian block in western China (Zhang et al., 2014) . These indicate that arc magmas remain close to sulfide-saturation throughout much of their evolution and Cu sulfides accumulate within the arc lower crust. MASH processes would result in variable degrees of Cu loss to cumulate sulfides, the amount depending on the oxidation state of the local lower crust. Large amounts of sulfide (and contained metals) might be lost if the lower crust is reduced, but lesser amounts are expected to be lost during interaction with normal crustal rocks (Richards, 2015) . Remelting of Cu sulfide-rich magmatic cumulates within previous arc lower crust under sulfur-undersaturated conditions has been interpreted to play a key role in the formation of post-subduction porphyry copper deposits in collisional zones (Richards, 2009 (Richards, , 2011 Hou et al., 2015a) . Therefore, the more juvenile subductionmodified mafic lower crust in collisional zones that was reworked by juvenile mantle-derived arc magmas, the more the potential for them to contain Cu sulfide-rich magmatic cumulates, leading to formation of more fertile postcollisional adakite-like magmas. / 86 Sr) i and e Nd (t) and zircon e Hf (t) isotopic compositions of post-collisional adakite-like intrusions along the Gangdese belt in the southern Lhasa subterrane. Literature data are from Hou et al. (2015b) and Yang et al. (2016) .
